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Abstract 
Background 
Single-walled carbon nanotubes (SWCNTs) are playing good roles as a host material in accommodating many 
molecules, since cylindrical interior of SWCNT provides more stability and durability to guest molecules. Many 
molecules encapsulated in SWCNTs (molecules@SWCNTs) have been synthesized (e.g. fullerene peapod, TTF and 
TCNQ etc.) and have been investigated to explore physical properties characteristic to 1D arranged molecules.  
In this work, encapsulation of 1D molecule (polyyne) and 2D flat molecule (coronene) in SWCNTs have been 
studied. 
Polyynes are finite-sized linear chain of carbon. They are interesting because the interband transition energies vary 
with the molecular size. In air or even in solution these molecules are unstable due to oxidation and bending tendency. 
It has been reported that inside SWCNTs polyynes are very stable [Nishide et al., Chem. Phys. Lett., 428 (2006) 356-
360]. It is expected that inside nanotube the tuning of interband transitions of these chains would be possible by 
controlling their size. It has also reported that there is a strong interaction between encapsulated polyynes and host 
nanotube which changes remarkably the electronic properties of polyynes resulting a unique hybrid material [Malard et 
al., Phys Rev. B. 76 (2007) 233412. 
Coronene molecule is a member of polycyclic aromatic hydrocarbons which is composed of six benzene rings. 
Interestingly, the interband transition energies of coronenes depends on molecular arrangements. That is, electronic 
properties of crystalline coronenes where they are arranged in a herringbone manner would be different from the 
 Figure 1 : EELS spectra of a bundle 
of coronene-free SWCNTs in the 
energy ranges (a) from 0 to 10 eV and 
(b) 0 to 50 eV, and EELS spectra of 
coronenes@SWCNTs in the energy 
ranges (c) from 0 to 10 eV and (d) 0 
to 50 eV. 
encapsulated coronenes in SWCNTs where they are arranged in columnar stacking manner [Okazaki et al. Angew. 
Chem. Int. Ed., 50 (2011) 4853-4857]. Besides, a strong interaction between encapsulated coronenes and nanotube is 
also expected. Very few experimental observation are reported on coronenes@SWCNTs. Okazaki et al. reported high 
resolution transmission electron microscopy (HRTEM) images and Raman spectra of coronenes@SWCNTs. They 
predicted the high-yield filling of the SWCNTs by coronenes on the basis of a change of the radial breathing mode 
frequency of SWCNTs.  
Purpose of this study 
Reported Raman experiments on mass of molecules@SWCNTs gave a little information on the encapsulation manner 
of the molecules in SWCNTs. Thus, electron microscopy based methods of HRTEM, selected area electron diffraction 
(SAED) and high energy-resolution electron energy-loss spectroscopy (HR-EELS) have been applied for 
polyynes@SWCNTs and  coronenes@ SWCNTs to reveal real encapsulation manner, aggregation and orientation 
of molecules, and electronic structure of those hybrid materials. 
Experimental 
The specimens of polyynes@SWCNTs and coronenes@SWCNTs were synthesized and supplied by Wakabayashi 
group at Kinki university and Okazaki group at AIST, respectively. A JEM-2010 and a monochromator TEM, which is 
specialized for HR-EELS experiment, were used in these experiments. Both the TEMs were operated at 60 kV in order 
to avoid irradiation damage. The energy resolution of HR-EELS experiments was about 70 meV.  
Experimental Results and Discussion 
Polyynes@SWCNTs: HRTEM images obtained from isolated SWCNTs confirmed the encapsulation of polyynes in 
nanotubes. It was observed that the yield of polyynes in SWCNTs is low and the encapsulated polyynes are in a 
bending tendency. The EELS spectra were obtained from empty region and polyynes filled region of an 
isolated SWCNT, respectively. The two EELS spectra are almost indistinguishable each other, indicating the signal 
from polyynes cannot be assigned. One possible origin is the bending manner of encapsulation may cause a broadening 
the excitation spectrum. Another possible origin is the irradiation damage of polyynes during EELS experiment.  
Coronenes@SWCNTs: A SAED pattern was obtained from a bundle of SWCNTs encapsulating coronenes. The 
SAED pattern suggested that: (1) the inter molecular spacing is 0.32 nm, (2) the molecular planes are tilted with respect 
to tube  
 
 
axis in a range from 65˚ to 115˚, and (3) an average number of stacked coronene molecules is about 101.  
Figure 1 (a) and (b) show EELS spectra obtained from empty bundle of SWCNTs. Figure 3 (c) and (d) show EELS 
spectra obtained from coronenes@SWCNTs. The peaks assigned as Eii
S
 or Eii
M, where i = 1, 2, 3… are due to the 
interband transitions between van Hove singularities of SWCNTs, in which the superscripts S and M stand for 
semiconducting and metallic type nanotubes, respectively. The peaks at around 5.5 eV in (a) and (b), and a peak at 
around 21 eV in (b) are attributed as the -plasmon and -plasmon (volume plasmon) excitations, respectively 
[Kuzuo et al., Jpn. J. Appl. Phys., 33 (1994) 1316-1319]. It can be seen that the intensity profile of -plasmon of 
coronenes@SWCNTs is different from that of empty SWCNTs. The -plasmon energy of coronenes@SWCNTs is 
22.8 eV, which is larger than that of empty SWCNTs.  
Simulation for EELS spectra were carried out by using Lorentz model. By adjusting - and -plasmon 
energies, following two results were obtained: (i) Nanotubes are not filled uniformly with coronenes, as also suggested 
by SAED results. The average density of coronene molecules was estimated to be 45 - 50% the full filled case. Hence, 
the average spacing between two segments of coronene stacking in nanotube is roughly about 7–3.2 = 3.8 nm. (ii) The 
-* interband transition energy of trapped coronene is about 5.3 eV, which is larger than that (~4 eV) of an isolated 
(gaseous) coronene molecule. This energy shift may be due to the shrinking of molecule as the molecular size (~1 nm) 
is comparable with nanotube diameter (~1.40.1 nm). 
 Conclusions 
(A) Encapsulation manner of the materials are as follows. Polyynes in SWCNTs was confirmed but the yield of 
encapsulation in SWCNTs is low and encapsulated polyynes are in a bending tendency, which might be an origin of 
inability to assign the signal from polyynes. The yield of coronenes in SWCNTs was evaluated to be 45-50%. 
Coronene molecules form a segment of successive stacking of about ten molecules which has a tilt angel compared to 
the tube axis ranged from 65˚ to 115˚.  
(B) EELS signal of polyynes was not assigned which might be due to be bended encapsulation nature in CNT observed. 
From the simulation of EELS spectrum by using a simple Lorentz model, a smaller * transition energy of 
encapsulated coronene molecule in SWCNT were derived. Molecular shrinking might be responsible for the larger 
* energy, which also may be an indicative to the lower yield of coronenes. 
 
 
 
論文審査の結果の要旨 
 
本研究では、カーボンナノチューブ（Carbon nanotube: CNT）内包で安定化すると報告されている直線
状分子 polyyne と、CNT 内包でバルクと異なる分子配列が報告されている coronene を対象とした。これら
の分子の内包状態（内包分子形態、充填率）を電子顕微鏡法や電子回折法を使って明らかにするとともに、
電子エネルギー損失分光法（Electron energy-loss spectroscopy: ELS）を用いて電子状態に関する知見を得る
ことが本研究の目的である。 
Polyyne 内包 CNT の高分解能電子顕微鏡観察により、折れ曲がった内包状態がしばしば見出され
る事や、充填率が低い事が明らかとなった。また、内包 polyyne 分子位置から電子ナノプローブで
EELS スペクトル測定を行ったが、特徴的な電子励起構造を見出すには至らなかった。これは、分子
の折れ曲がりや電子照射によるダメージの影響ではないかと解釈した。 
Coronene 内包 CNT は、電子回折法から分子の積層間隔や層数、分子の CNT 軸に対する傾斜を評
価し、報告されている高分解能電子顕微鏡観察例とほぼ一致した。しかし、EELS 法で測定した体積
プラズモンエネルギーのシミュレーションから、CNT 束の平均充填率が 45%程度と低いことを明ら
かにした。また、EELS 法でπプラズモン励起ピークの明瞭な強度分布変化を見出し、モデル誘電関
数を用いたシミュレーションにより内包 coronene 分子のπ→π*遷移エネルギーを 5.3eV と評価した。
この値は、孤立した coronene 分子の報告されている値 3-4.5eV に比べて約 1eV も大きく、coronene 分
子と CNT との相互作用を示す証拠と考えられる。この変化を coronene 分子のサイズ変化と仮定して
電子状態計算を行い、約 10%の収縮と見積もった。 
これらの成果は、電子線によるダメージの低減という課題があるものの、顕微鏡法に基礎をおい
た局所分光法を駆使することで、CNT での内包状態の評価のみならず、内包された分子の電子状態研
究が可能であることを示したものである。このことは、本人が自立して研究活動を行うに必要な高度
の研究能力と学識を有することを示している。したがって、Md. Mahbubul Haque 君提出の博士論文は、
博士（理学）の学位論文として合格と認める。 
 
 
 
 
 
 
 
 
